Abstract-A numerical model is developed to simulate stimulated Brillouin scattering (SBS) in high power single-mode fiber amplifiers. The time dependent model incorporates both laser and Stokes wave amplification and initiates the Brillouin scattering from thermal phonons. A frequency chirped laser is used as the seed to suppress SBS. Experiments with Yb-doped fiber amplifiers show good agreement with the modeling. Using experimentally determined parameters, the model is used to predict chirp requirements for multi-kilowatt amplifiers with tens of meters of delivery fiber. A comparison is made between a chirped seed source and random phase modulation for SBS suppression.
I. INTRODUCTION
W HEN scaling CW single-mode narrow-linewidth fiber amplifiers to high power, stimulated Brillouin scattering (SBS) is the first nonlinear optical effect that limits the power. A large fraction of the laser power can be backscattered from the bulk of the fiber when SBS is above threshold. For laser linewidths much narrower than the Brillouin gain spectrum this threshold occurs when g 0 IL eff ∼ = 21, and can be rewritten as P 0 th ∼ = 21 A eff /g 0 L eff , where g 0 is the peak Brillouin gain, I is the laser intensity, and L eff and A eff are the effective interaction length and mode areas [1] . For large mode area (LMA) fibers with core diameters of ∼25 μm, and g 0 ≈ 2 cm/GW this limits the output power to 50 W for L eff = 10m. A common method of increasing the SBS threshold is to broaden the laser linewidth to greater than the Brillouin gain bandwidth. Using this method the threshold is given approximately by P th ∼ = P 0 th (1 + ν L / ν B ). For a laser linewidth of ν L = 25 GHz and a Brillouin gain bandwidth of ν B ∼ = 50 MHz, this has resulted in a threshold power of 1.4 kW [2] . This has the drawback of decreasing the coherence length, limiting its use for coherent combination of multiple amplifiers, and for other phase-sensitive applications.
Since the SBS threshold scales as 1/L eff it is common practice to limit the length of the fiber to achieve large threshold values [3] . Using thermal/stress gradients changes the Brillouin frequency along the length of the fiber decreasing L eff , but becomes impractical after a few times threshold enhancement [4] .
In this paper we develop a dynamic model of Brillouin scattering in a fiber amplifier and compare it to experimental data. The parameters in the model are determined by fitting to experimental data and then used to predict chirp requirements for multi-kW amplifiers and tens of meters of delivery fiber.
The results show that SBS is suppressed when the product of chirp and fiber transit time is greater than the Brillouin bandwidth. As seen by the SBS, the effective seed bandwidth increases with fiber length, leading to a nearly-lengthindependent SBS threshold. Because the chirp is highly linear, the seed has a long effective coherence length for purposes of combining multiple amplifiers [5] .
II. NUMERICAL MODEL
Our simulation of SBS is based on solving the following coupled differential equations:
where E L , E S , and E P are the slowly-varying envelopes (amplitudes) of the laser, Stokes and pump fields, ρ is the amplitude of the density fluctuations in the fiber core, and 0018-9197 © 2013 IEEE N 2 is the excited state ion population. The pump and signal spatial overlap is given by η, while the spontaneous emission rate is W 21 . The laser, pump, and Stokes frequencies are described by ν L,P,S , while the core and cladding crosssectional areas are given by A Clad,Core . The function f describes thermal noise that initiates the Brillouin scattering. Equations 1, 2 and 4 are derived from the wave equation using the slowly varying envelope approximation. The second term on the right for (1) and (2) arise from the nonlinear polarization induced by the acoustic wave. In (3) the spatial derivative has been neglected. The acoustic phonons propagate such a short distance in their lifetime that, to a good approximation, ρ is a function of only the local fields. κ and Λ are the optic and acoustic coupling parameters given by
, and (6)
Here γ , ρ 0 , υ are the electrostrictive coefficient, density, and velocity of sound in fused silica fiber where n is the index of refraction of silica glass. λ L is the laser wavelength, ε 0 is the permittivity of free space, and M = 1(1.5) for polarized (unpolarized) light.
Equations (1)- (3) have been used to describe Brillouin scattering in a passive fiber without amplification [6] and with a nominal 10× gain [7] . To simulate an amplifier with realistic gain and gain saturation, (4) and (5) 
The thermal phonons that lead to spontaneous Brillouin scattering are described by a Langevin noise term,
where f is a Gaussian random variable with zero mean and
Here k is Boltzmann's constant and T is the fiber temperature [8] .
The above equations were solved numerically using the method of characteristics. The boundary condition on the laser field is E L (0, t) = E 0 exp i πβ t 2 where β is the chirp [7] . The initial condition has no optical fields within the fiber. At t = 0 the pump enters the fiber at z = L and the laser enters at z = 0. The Stokes wave builds up from noise and a pseudoequilibrium is typically reached after ∼10 transit times. The Stokes powers we report are averages over 15 transit times. The step size was decreased until the values of the average Stokes power converged. Previous models for Stokes amplification in a fiber amplifier utilized a non-fluctuating, localized Stokes seed at z = L [9] . This approximation breaks down near threshold where scattering from different parts of the fiber have comparable importance. An accurate description of Brillouin scattering requires a distributed phonon seed source [11] . The stochastic nature of the seed gives rise to temporal fluctuations in the Stokes amplitude. At one instant in time, the Stokes power vs. position in a passive LMA fiber shows fluctuations in space (Fig. 1) . In this simulation, ν B = 50 MHz, g 0 = 2 cm/GW and the laser input power is 50 W. For zero chirp, the process is far above threshold, thus a large fraction of the input laser power is reflected. A chirp of 1× 10 16 Hz/s brings the Brillouin scattering back to the spontaneous level. One can see that the length scale over which SBS builds up is in agreement with the effective length defined in [10] as L eff ∼ = π ν B c/4nβ.
III. EXPERIMENTAL DATA
The seed for our experiments is a 1064 nm diode laser chirping at 1× 10 14 -4×10 16 Hz/s [12] . Data is first taken with a 5 m Yb fiber amplifier with a 41.5 m delivery fiber spliced on. Both active and passive fiber are Nufern polarizationmaintaining 25/400 fiber, with an NA = 0.065. The backscattered power and output power are measured with a tap and photodiodes (Fig. 2) . Figure 3 shows the backscattered power from the final stage vs output power, for various chirps. The dots are experimental data; the lines are results from the simulation. The measured backscattered power includes Rayleigh and Brillouin scattering, and Fresnel reflections from splices or other components. Below the SBS threshold, Rayleigh scattering dominates. At zero chirp, we can measure the Rayleigh and Brillouin components separately, using an optical spectrum analyzer (OSA). Table I which were varied to fit the data. Literature values for g B vary from 1 × 10 −11 −5 × 10 −11 m/W [13] . ν B was previously measured to be 68 MHz in Nufern 25/400 Yb-doped fiber [14] . We believe that a larger value is needed to fit our data because of inhomogeneous broadening. Causes of this include a longitudinal temperature gradient from quantum defect heating which shifts the Brillouin resonance by ∼1.2 MHz/K, stress from winding the LMA fiber around a mandrel [15] , and the active and passive fibers with different composition. The product of the Brillouin gain and linewidth should be approximately the same for all silica fibers [7] . Therefore, in our case, it is not surprising that the gain coefficient that fit the data turned out to be on the low end of the published range. A second experiment was performed with a non-PM amplifier having a 10 m active fiber and a 2 m delivery fiber. The core diameter, cladding diameter, and NA are the same as the previous experiment. As before, the backscattered power is dominated by Rayleigh scattering below SBS threshold. The backscattered power rises approximately linearly in this region, and then rises steeply above SBS threshold (Fig. 4) . The dashed line indicates a backward power equal to 0.01% of the output power. Using that as a definition of SBS threshold, a chirp of 4× 10 16 Hz/s increases the threshold ∼10× compared to the unchirped case. At the maximum chirp, the output power is limited by the available pump power.
The solid lines in Fig. 4 show the results of a simulation, using the same parameters as in Table I . Above threshold, the model agrees well with the data. At the highest chirp, the threshold is becoming proportional to chirp.
IV. COMPARISON WITH RANDOM PHASE MODULATED SEED
The simulation was run many times to generate operating curves that show the chirp required to reach a given output power, at a given fiber length, for 25/400 LMA fiber (Fig. 5) . It is clear that at higher chirps and longer fibers, the SBS threshold becomes independent of fiber length. This is because the effective laser bandwidth, i.e. the bandwidth seen by the counter-propagating Stokes wave, is proportional to fiber length.
To simulate a spectrally broadened seed source, we added a small random phase shift to the laser electric field at z = 0 at each time step. The spectrum was fit to a Lorentzian to obtain the FWHM. The operating curves for random phase modulation are shown by the dashed lines (Fig. 5 ). In contrast to the linear chirp, the threshold decreases as 1/L for large L. Our simulation of random phase modulation agrees well with the 1.4 kW obtained with a 25 GHz FWHM seed bandwidth [2] .
The maximum phase modulation achievable with current electro-optical modulators is approximately 25 GHz, limiting Fig. 5 . Threshold level vs. total fiber length (active + delivery) for different chirp rates and white noise phase modulation. The simulation is for a 10 m active fiber and a variable delivery length using the parameters in Table I for PM fiber. Threshold 1/L scaling is included for reference (grey line).
this method to an SBS-free output of ∼1 kW. In addition, a modulation bandwidth comparable to the Stokes shift (16 GHz) raises the possibility of self-seeding the Stokes wave because of backward Rayleigh scattering. This possibility can be completely avoided with a negative linear chirp.
V. CONCLUSION
We have demonstrated SBS suppression with a narrowband, frequency-chirped laser in 30-W and 300-W Yb-doped fiber amplifiers. A dynamic model of SBS agrees well with the experimental results and predicts that a chirp of ∼10 17 Hz/s can yield 1 kW of SBS-free laser power for tens of meters of delivery fiber. One advantage of using a linear frequency chirp is that the SBS threshold is insensitive to delivery fiber length. Another advantage is that self-seeding of SBS can be eliminated with a negative chirp. Along with our recent demonstration of coherent combining of multiple fiber amplifiers with a chirped laser seed [16] , this demonstrates a path toward coherent combining of a large number of multikW fiber amplifiers. Dr. Rakuljic has numerous patents and publications in the fields of lasers, optics, materials science and communications, and has been responsible for the development of several optical and optoelectronic products for the optics and telecommunications industries.
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